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The graded Hedgehog (Hh) signal is transduced by
the transmembrane Smoothened (Smo) proteins in
both vertebrates and invertebrates. In Drosophila,
associations between Smo and the Fused (Fu)/
Costal-2 (Cos2)/Cubitus Interruptus (Ci) cytoplasmic
complex lead to pathway activation, but it remains
unclear how the cytoplasmic complex responds to
and transduces different levels of Hh signaling. We
show here that, within the Hh gradient field, low-
and high-magnitude Smo activations control differ-
entially the phosphorylation of Cos2 on two distinct
serines. We also provide evidence that these phos-
phorylations depend on the Fu kinase activity and
lead to a shift of Cos2 distribution from the cytoplasm
to the plasma membrane. Moreover, the distinct
Cos2 phosphorylation states mediate differential
Hh signaling magnitude, suggesting that phosphory-
lation and relocation of Cos2 to the plasma mem-
brane facilitate high-level Hh signaling through the
control of Ci nuclear translocation and transcrip-
tional activity.
INTRODUCTION
Proteins of the Hedgehog family (Hh) are involved in many devel-
opmental processes, including cell proliferation, embryonic
development, and morphogenesis in metazoans (Ingham and
McMahon, 2001; Jiang and Hui, 2008; Varjosalo and Taipale,
2008). In several cases, including the Drosophila wing, Hh is
required for tissue organization during development and acts
as a morphogen, specifying cell fate in a concentration-depen-
dent manner (Ingham and McMahon, 2001). Moreover, aberrant
Hh signaling is involved in the development of various cancers
and several genetic syndromes (Jiang and Hui, 2008; Varjosalo
and Taipale, 2008). Elucidation of the mechanism of Hh signal
transduction is therefore of interest not only in the context of
development but also with respect to oncogenesis.
InDrosophila, Hh binding to its receptor, Patched (Ptc; Ingham
et al., 1991; Chen and Struhl, 1996), leads to Smoothened (Smo)
stabilization and phosphorylation at the plasma membrane (LumDevelopmet al., 2003; Denef et al., 2000; Taipale et al., 2002; Jia et al.,
2004; Zhang et al., 2004; Apionishev et al., 2005). A link has
also been established between phosphorylation and conforma-
tion (Zhao et al., 2007). It has been suggested that the N-terminal
domain of Smo adopts a constitutive dimeric conformation,
whereas the C-terminal domain dimerizes through electrostatic
regulation. This domain is characterized by a region rich in argi-
nine (Arg) and aspartic acid (Asp) residues that interact with each
other to give rise to a closed (inactive) conformation of the Smo
C-terminal domain (Zhao et al., 2007; Chen et al., 2010). Hh
activation leads to the phosphorylation of this domain, antago-
nizing the Arg cluster and promoting conversion to an open
conformation essential for signal transduction (Zhao et al.,
2007; Chen et al., 2010). The kinases involved in Smo phosphor-
ylation are protein kinase A (PKA), casein kinase 1 (CK1), and
CK2, which act in a sequential manner (Jia et al., 2004; Zhang
et al., 2004; Apionishev et al., 2005; Jia et al., 2010). It has
recently been suggested that the G protein-coupled receptor
kinase 2 (Gprk2) promotes Smo activation by phosphorylating
the C-terminal tail of Smo primed by PKA/CK1 phosphorylation
and by stabilizing the active Smo conformation and reinforcing
dimerization of the C-terminal tail of Smo (Chen et al., 2010).
Little is known about the way in which different levels of Smo
activation is transmitted to cytoplasmic components. Smo inter-
acts with a cytoplasmic complex (Lum et al., 2003; Ogden et al.,
2003; Ruel et al., 2003; Jia et al., 2003) composed of the kinesin-
like protein Costal-2 (Cos2; Sisson et al., 1997; Robbins et al.,
1997), the serine/threonine kinase Fused (Fu; Therond et al.,
1993), and the zinc-finger transcription factor Cubitus interruptus
(Ci; Alexandre et al., 1996; Me´thot and Basler, 2000). Cos2 has
a structural role and serves as a platform bringing positive and
negative regulators into the close vicinity of Ci. In the absence
of Hh, Smo levels remain low (Farzan et al., 2009), probably
due to constitutive degradation. In this case, PKA and CK1alpha
phosphorylate Ci in a Cos2-dependent manner and generate the
cleaved Ci75 repressor form (Zhang et al., 2005). In the presence
of Hh, generation of Ci75 is inhibited. However, blocking the
proteolytic cleavage of Ci and inducing its accumulation are
not sufficient for full Hh target gene activation (Me´thot and Bas-
ler, 2000; Smelkinson et al., 2007). Hh signaling promotes the
interaction between activated Smo and the Fu-Cos2 complex,
which generates a positive platform involving activation of the
uncleaved Ci form (Ci155). In this regard, Cos2 plays a positive
role by recruiting Fu and Ci155 to Smo, allowing transduction
from activated Smo to Ci (Ruel et al., 2003, 2007; Lum et al.,ental Cell 22, 279–294, February 14, 2012 ª2012 Elsevier Inc. 279
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for Fu stability (Ruel et al., 2003). In order to induce a transcrip-
tional response to Hh, Ci155 needs to dissociate from the
Smo/Cos2/Fu complex to allow its nuclear translocation.
Absence of the kinase Fu can be partially compensated by the
absence of either Cos2 or Suppressor of fused (Su(fu)), suggest-
ing that the role of Fu is to regulate both Cos2 and Su(fu) (Pre´at
et al., 1993; Zhou and Kalderon, 2011). Both Cos2 and Su(fu) are
able to limit nuclear entry and activity of processing-resistant
Ci155 (Smelkinson et al., 2007; Marks and Kalderon, 2011;
Hooper and Scott, 2005). Fu-dependent phosphorylation sites
of Su(fu) have been identified but did not display any importance
for Hh pathway regulation (Zhou and Kalderon, 2011). Therefore,
we focused our attention on the Fu-dependent phosphorylation
of Cos2. Activated Fu kinase promotes Cos2 phosphorylation
of at least two residues: serine 572 (Ser572) and serine 931
(Ser931) (Nybakken et al., 2002; Ruel et al., 2007; Liu et al.,
2007). We recently showed that the dynamic phosphorylation
of Ser572 reflects the gradient of Hh signaling activity and that
the molecular cascade leading to Ser572 phosphorylation is
conserved in all cells activated by low and high levels of Hh
signaling in Drosophila (Raisin et al., 2010).
It remains unclear how Fu and Cos2 are regulated and how
they transduce different levels of Smo activity. We investigated
the relationship between Smo and Fu-dependent Cos2 regula-
tion in more detail by producing an antibody that specifically
recognized Cos2 phosphorylation at Ser931 (p-Ser931). The
pattern of p-Ser931was very different from that at Ser572 (Raisin
et al., 2010) and overlaps only cells with high magnitude of Hh
signaling, suggesting differential regulation of Cos2 mediated
by Fu. We showed that Cos2 phosphorylation affected the
subcellular distribution of this protein because Cos2 phosphory-
lated at Ser572 was found mostly in cytoplasmic vesicles,
whereas Cos2 phosphorylated at Ser931 was found mostly at
the plasma membrane, where it formed a stable complex with
Smo and Fu. We also found that low-magnitude Smo activation
induced Cos2 phosphorylation at Ser572, whereas high-magni-
tude Smo activation promoted Cos2 phosphorylation at Ser572
and Ser931. Finally, we showed that phosphorylation of Ser931
induced Ci nuclear localization and transcriptional activity above
the level obtained with Cos2 phosphorylated only on Ser572.
We propose that the change in the distribution of Cos2 in the
cell, from the cytoplasm to the plasma membrane, promotes
Ci155 activity necessary for high-level Hh signaling.
RESULTS
Cos2 p-Ser931 Is Dependent on Smo and Fu
Hh signaling induces Fu kinase activation, leading to Cos2 phos-
phorylation (The´rond et al., 1996; Robbins et al., 1997; Lum et al.,
2003; Ruel et al., 2007; Nybakken et al., 2002; Liu et al., 2007).
Two Fu-dependent phosphorylation sites have been identified
on Cos2: Ser572, which is located in the Fu-binding domain
(Formstecher et al., 2005; Ruel et al., 2007), and Ser931, which
is located in the cargo domain associating with Smo (Nybakken
et al., 2002). Phosphorylation at Ser572 has been observed in
all cells activated by Hh (Raisin et al., 2010), whereas the role
and tissue distribution of Ser931 phosphorylation remain
unknown.280 Developmental Cell 22, 279–294, February 14, 2012 ª2012 ElsevFor investigation of the role of Cos2 p-Ser931, we generated
an antibody specific for the phosphorylated form of this residue
(anti-p-Ser931) and assessed its validity both in vitro and in vivo.
In Drosophila cells, this antibody gave a specific signal with Hh-
activated cell lysates only (Figure 1A). This signal was also
observed in Hh-activated cells expressing a Cos2-myc con-
struct, but not in cells expressing a Cos2-931A variant mimicking
a nonphosphorylated form (replacement of the Ser931 residue
by an alanine residue; Figure 1B), confirming the specificity of
our p-Ser931 antibody.
We also analyzed the distribution of p-Ser931 in wing imaginal
discs. In these discs, Hh is secreted by posterior cells (P cells),
which express engrailed (en). Hh signaling is activated in both
the P and A compartments, in which the repressor Ptc is either
absent (in P cells) or inhibited when bound to Hh (12–15 cell
rows in the A compartment). The pattern obtained with the
p-Ser931 antibody differed significantly from that obtained with
an antibody raised against the Cos2-heptad domain and recog-
nizing all Cos2 isoforms. Overall, Cos2 protein levels were lower
in the P compartment, due to constitutively high levels of Hh
signaling, and higher in the A compartment (Figure 1D; Ruel
et al., 2003). The signal obtained with p-Ser931 was homoge-
neous throughout the P compartment, whereas it was strongest
in the four to five rows of the A compartment closest to the A/P
border, decreasing toward the anterior thereafter (Figures 1C
and 1C0). This pattern appears to be specific to Hh signaling,
given that the use of a dsRNA against Smo to reduce expression
levels strongly decreased the p-Ser931 signal in both the A and P
compartments (Figures 1E and 1E0). Moreover, enhancing the
pathway by inducing ptc mutant clones or expressing a dsRNA
against ptc in the dorsal compartment increased the intensity
of the p-Ser931 signal (Figures 1F and 1F0; see Figures S1D
and S1D0 available online). Similar results were obtained with
S2R+ cultured cells treated with dsRNA against Smo and Ptc
(Figure S1C). Furthermore, a loss of p-Ser931 staining was ob-
served in cells lacking Cos2, both in vitro and in vivo (Figures
S1A–S1A00 and S1C). These results confirm the specificity of
our p-Ser931 antibody for Cos2 phosphorylation at residue 931.
Studies carried out with the baculovirus coexpression system
have shown that Cos2 p-Ser931 depends on both Cos2 and
a Fu-wild-type (WT) protein being produced (Nybakken et al.,
2002). We checked that the pattern obtained with p-Ser931
was dependent on Fu activity, by modification of the Fu activity
through the expression of different Fu variants in the wing
imaginal disc: a dominant-negative form of Fu (Fu-kinase dead
[Fu-KD], Figures 1G and 1G0), a dsRNA against Fu (Figures 1H
and 1H0), and a constitutive active form of Fu located at the
plasmamembrane (GAP-CFP-Fu; Figures 1I and 1I0), all of which
had previously been validated in vivo (Liu et al., 2007; Raisin
et al., 2010; Claret et al., 2007).
The production of Fu-KD or of a dsRNA against Fu in the dorsal
compartment caused a loss of Ser931 phosphorylation (Figures
1G0–1H0, S1E, and S1E0), and a loss of Hh target gene expression
(Raisin et al., 2010). Similar results were obtained with fumutant
clones (fuZ4, no protein produced; Figures S1B and S1B0). In
addition, the expression of Fu-KD with dsRNA against ptc in-
duced loss of Ser931 phosphorylation, confirming that the Fu-
dependent regulation of Cos2 is downstream from Ptc activity
(Figures S1D, S1D0, S1E, and S1E0). By contrast, the productionier Inc.
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Figure 1. Phosphorylation of the Ser931 Residue of Cos2 Is Smo and Fu Dependent
(A and B) In vitro validation of the p-Ser931 antibody. Lysates of naive S2R+ or stable S2R+ Hh cells were analyzed by western blotting (A). In (B), S2R+ Hh cells
were transfected with either a Cos2-WT or Cos2-931A Myc-tagged variant. Western blots were immunostained for phospho-Ser931 (A and B), phospho-Ser572
(A), Cos2 (A and B), Fu (A), Smo (A), Ci155 (A); GMAP as control (A), and Myc (B).
(C and D) WT wing discs were immunostained for p-Ser931 (green, C and C0), En (blue, C0 and D), and Cos2 (green, D). p-Ser931 staining was observed in four to
five rows of cells close to the A/P border.
(E and F) Staining of wing discs expressing dsRNA against Smo (E) or ptc loss-of-function clones (detected by the absence of GFP) (F) for Ci155 (red, E–E00 and
F–F00), p-Ser931 (green, E and E0; blue, F; gray, F00), and Ptc (blue, E).
(G–I)Wing discs expressing UAS-Fu-KD (G), UAS-Fu-dsRNA (H), andUAS-GAP-CFP-Fu (I) were immunostained for Ci155 (red, G–I) and p-Ser931 (green, G–I0 ). In
the ap-Gal4 line, expression of the various transgenes occurs in the dorsal compartment of thewing disc, and the ventral compartment is used as a control tissue.
For all figures, wing discs are shown ventral uppermost and with the posterior on the right. D/V clones are delimited by a dashed line.
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Cos2 Phosphorylations Mediate Different Hh Levelsof GAP-CFP-Fu led to a large increase in p-Ser931 levels (Fig-
ure 1I0), together with an increase in the expression of target
genes, such as dpp, ptc, and en (data not shown). Moreover,
the production in vivo and in vitro of a dominant-negative formDevelopmof Smo, Smo-AAA, or a gain-of-function form, Smo-DDD (Jia
et al., 2004), resulted in either a loss or an increase in the
p-Ser931 signal (Figures S2A, S2A0, S2B, S2B0, and S2C). The
Smo-D-dependent Ser931 phosphorylation was abolished inental Cell 22, 279–294, February 14, 2012 ª2012 Elsevier Inc. 281
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phosphorylation occur downstream from Smo activity (Fig-
ure S2C). From these data, we conclude that Fu kinase activity
is required in vivo, directly or indirectly, for the Hh-dependent
phosphorylation of Cos2 at residue 931. They also indicate that
Cos2 phosphorylation at the Ser931 residue is triggered down-
stream from the Ptc/Smo reception complex.
Different Hh-Dependent Patterns for p-Ser931
and p-Ser572
We have previously shown that the distribution of the p-Ser572
signal is the same for all levels of Hh signaling (Raisin et al.,
2010). Surprisingly, large differences were observed when we
compared the patterns obtained for p-Ser931 and p-Ser572.
Indeed, the p-Ser572 signal encompassed a broad domain in
the A compartment, of up to 12–14 cells in width, and all Hh read-
outs, including Ci155 stabilization (Figures 2B–2B00; Raisin et al.,
2010). The intensity of staining followed a similar gradient to
Ci155 concentration, with a gradual decrease across the com-
partment (Figures 2B–2B00 and quantification graph below
Figures 2E).
The anterior pattern of p-Ser931 staining was much narrower,
encompassing a four to five cell width at the A/P border, with
a steeper gradient of decrease (Figures 2A0 and 2A00 and quanti-
fication graphs below). No overlap was observed between the
most anterior Ci155-, Iro- or dpp- (Hh long-range targets) and
p-Ser931-positive cells (Figures 2A and 2F; data not shown).
The strong peak of p-Ser931 accumulation at the A/P border
coincided with the staining for Smo and Ptc, the levels of which
increased as a direct consequence of the high level of Hh
signaling (Figures 2C–2E00; Jia and Jiang, 2006). In the posterior
compartment, both p-Ser572 and p-Ser931 gave lower levels of
staining due to destabilization of the Fu-Cos2 complex (Ruel
et al., 2003).
Overall, these data suggest that the phosphorylation of Cos2
at Ser931 is related to high Hh levels. By contrast, the pattern
of p-Ser572 staining encompassed all the domains of Hh target
gene expression (Raisin et al., 2010), suggesting that Cos2 may
be subject to differential regulation mediated by several phos-
phorylation events in the A compartment.
Cos2 Phosphorylation Is Required for High Levels
of Hh Signal Transduction
Cos2 is known to have two roles (Wang et al., 2000; Wang and
Holmgren, 2000). In the absence of Hh, Cos2 acts as a cyto-
plasmic anchor for Ci155, connecting PKA with Ci155, leading
to the formation of the Ci75 repressor (Jia and Jiang, 2006). In
the presence of Hh, Smo transduces activation to Ci155 through
Cos2, which in this case is considered as a positive regulator
(Ruel et al., 2003; Lum et al., 2003; Jia et al., 2003). Fu kinase
activity promotesCi155 activation independently of its regulation
on Su(fu) (Smelkinson et al., 2007; Zhou and Kalderon, 2011). We
therefore hypothesized that Fu promotes Ci155 activation
through phosphorylation of Cos2.
We tested this hypothesis by generating different phosphor-
ylation variants of Cos2. Together, or separately, the Ser572
and Ser931 residues of Cos2 were replaced by either an Asp
residue (D), mimicking a constitutively phosphorylated form, or
by an alanine residue (A), mimicking a nonphosphorylated282 Developmental Cell 22, 279–294, February 14, 2012 ª2012 ElsevCos2 variant. The consequences of these substitutions were
tested in vitro, in different assays. To know whether phosphory-
lation of Ser931 activates signaling, we used an assay that allows
the analysis of positive activity of Cos2 on Hh signaling (Ruel
et al., 2007; Lum et al., 2003). In this assay, fixed levels of Hh
and Smo are expressed with different but low concentrations
of Cos2. At this concentration, Cos2-WT increased the activity
of a Ci reporter (ptc-luc) above the level reached with Smo
without Cos2 (Figure 3A). In this assay, Cos2-572D-931D
(Cos2-DD) and Cos2-572A- 931D (Cos2-AD) variants behaved
similarly: they both promoted Hh signaling activity above
Cos2-WT activity (Figure 3A). In contrast when Ser931 is sub-
stituted to alanine, either in Cos2-572D-931A (Cos2-DA) or
Cos2-572A-931A (Cos2-AA), Cos2 variants displayed a weaker
activity, similar to or below Cos2-WT activity (Figure 3A). We
also show in this assay that Cos2WT activity can be potentiated
when cotransfected with Fu-WT and inhibited with Fu-KD (Fig-
ure 3B). Except for Cos2WT, Cos2 variant activities are not pro-
moted by Fu kinase activity, confirming that the Fu-dependent
activation of the pathway relies, at least partially, on phosphory-
lation of Cos2 (Figures 3C–3F).
Altogether, these data suggest that Ser931-phosphorylated
state promotes signaling. The similarity of the activity of Cos2-
931D to that of Cos2-DD and its marked difference from that
of Cos2-572DA also suggest that p-Ser931 confers higher-level
signaling than phosphorylated Ser572 (phospho-Ser572).
In another set of assays, we further investigated whether Cos2
phosphorylation was actually involved in Ci155 dissociation from
the protein complex by analyzing the interaction of Ci155 with
the Cos2-DD and Cos2-AA variants (Figure 3G). Immunoprecip-
itation of Ci155 from transfected cells showed a 50% reduction
of Ci155 binding to Cos2-DD compared to Cos2-AA. Similar
differences were observed when Cos2-WT was expressed with
Fu-WT compared to Fu-KD.
To know the consequence of Cos2 phosphorylation of Ci155
nuclear level, we analyzed the subcellular distribution of Ci155
in cultured cells (Figure S3). Cells were transfected with either
Ci alone or with Cos2 variants, and treated with LMB to block
Ci155 nuclear export (Wang and Holmgren, 2000). In the
absence of Cos2, Ci155 was mainly found in the nucleus. In
the presence of Cos2-WT and Cos2-AA, the nuclear level of
Ci155 was decreased, whereas it was increased by 2.5-fold in
presence of the Cos2-DD variant. We further confirmed this
with Ci155 biochemical fractionation. As shown earlier, it is
well accepted that nuclear Ci155 level is regulated by Hh
signaling (Figure 3H, left; Chen et al., 1999). We further trans-
fected Hh-expressing cl8 cells with various Cos2 variants
together with Fu and Smo variants, and analyzed the nuclear
level of Ci155 (Figure 3H, right). In cells expressing WT forms
of Cos2, Fu, and Smo, Ci155 nuclear level was increased by
4-fold (Figure 3H, lane 3), whereas, in the presence of Fu-KD
or of Smo-A, Ci155 nuclear localization was strongly reduced
(Figure 3H, lanes 1, 2, and 4) and was found mostly in the cyto-
plasm (data not shown). This suggests that Fu-dependent Cos2
phosphorylation is important for Ci155 nuclear translocation.
This result was also confirmed by transfection with Cos2-AA,
which strongly reduced Ci155 nuclear localization and with
Cos2-DD, which resulted in a strong increase of Ci155 nuclear
level (Figure 3H, lanes 5–12). Nevertheless, we observed thatier Inc.
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Figure 2. Differential Pattern of Hh-Dependent Cos2 Phosphorylation
(A and B) WT wing discs were immunostained for Ci155 (red, A, A0, B, and B0), p-Ser931 (green, A–A00), and p-Ser572 (green, B–B00). Quantification graphs (n =
10 discs) with staining intensities plotted against cell position around the A/P border (dashed line) are shown at the bottom. In the A compartment, p-Ser572 and
Ci155 patterns are similar, whereas the p-Ser931 pattern is more restricted. Both p-Ser572 and p-Ser931 signals are also observed in the P compartment. Note
that p-Ser931 levels increase by a factor of three from the posterior to the anterior.
(C and D) WT wing discs were stained for Ptc (blue, C, C0, and D), p-Ser931 (green, C and C00) and p-Ser572 (green, D). Arrows in (C0) and (C00) indicate the limits of
the area of increased Ptc expression in the A compartment. The width of high Ptc (blue bar in C and D), p-Ser931 (green bar in C), and p-Ser572 (green bar in D)
levels is indicated.
(E) The WT wing disc was stained for Smo (blue, E; gray, E00) and p-Ser931 (green, E0 ).
(F) The WT wing disc was stained for b-gal (iro, blue) and p-Ser931 (green).
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Figure 3. p-Ser931 Promotes Hh Pathway Activation by Increasing Ci155 Nuclear Level and Activity
(A) cl8 Hh-expressing cells were transfected with different amounts of Cos2 variants in the presence of fixed concentration of Smo (10 ng).
(B–F) Hh-expressing cl8 cells were transfected with fixed concentration of Fu-WT or Fu-KD (10 ng each) together with Smo (10 ng) and with different amounts of
Cos2-WT (B), Cos2-AA (C), Cos2-DA (D), Cos2-AD (E), and Cos2-DD (F) (0–100 ng). Ci reporter activity (ptc-luc) increased in the presence of Cos2-AD or Cos2-
DD, but not with Cos2-DA or Cos2-AA. Note that Fu-WT further potentiated the positive activity of Cos2-WT, but not activity of the Cos2 variants in which
phospho-sites have been affected. Graph represents mean of one representative experiment done in triplicate (±SD).
(G) cl8 cells were transfected with Ci-HA and variants of Cos2 and Fu in the presence of Smo in order to activate Fu activity. After transfection, the interactions
between Ci155 and Cos2 were analyzed by immunoprecipitation (IP). The quantification represents the amount of Cos2 associated with Ci155 after IP,
normalized with the amount of Ci155. Graph represents mean of three independent experiments (±SD).
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Cos2 Phosphorylations Mediate Different Hh LevelsCi155 nuclear localization in the presence of Cos2-DD is still
sensitive to Fu activity (Figure 3H, lanes 11 and 12), suggesting
that Cos2 phosphorylation at both sites is not the sole event
involved in Ci155 nuclear regulation.
Altogether, these data suggest that Fu promotes Ci155 activa-
tion through phosphorylation of Cos2 but that phosphorylations
at Ser572 and Ser931 are not equivalent. Compared to phospho-
Ser572, phosphorylated Ser931 (phospho-Ser931) promotes
Ci155 activation, increasing its dissociation from Cos2 and its
nuclear level.
Different Levels of Hh Are Responsible for the
Differential Phosphorylation of Cos2
We showed that, at high levels of Hh signaling, close to the A/P
border, both serine residues (Ser572 and Ser931) were phos-
phorylated, whereas at intermediate or weak levels of Hh
signaling, only Ser 572 was phosphorylated. This suggests that
the differential phosphorylation of Cos2 is controlled by Hh.
We investigated the kinetics of the different phosphorylations
using a thermosensitive allele of the Hh gene (hh-ts). Larvae were
grown at 18C (nonrestrictive temperature) until the early L3
stage and were then incubated at 29C (restrictive temperature)
for 24 hr. At this point in time, no functional Hh protein was
present (Nahmad and Stathopoulos, 2009). Consequently, no
anterior p-Ser931 or p-Ser572 staining or high levels of Ptc
expression were detectable (Figures 4A–4A00). In the P compart-
ment, both p-Ser staining and strong Smo staining (data not
shown) were observed, due to the absence of Ptc expression,
demonstrating the Hh-independent constitutive activation of
the pathway in P cells. After 24 hr at the restrictive temperature,
larvae were grown at the nonrestrictive temperature for various
periods of time (0 hr, 30min, 90min, 2 hr, 6 hr, and 18 hr). Anterior
p-Ser572 was observed after 30 min at the nonrestrictive
temperature, whereas anterior p-Ser931was observed only after
90 min (Figures 4B–4C00). High levels of Ptc were detected in the
anterior compartment only after 6 hr (Figure 4E00). A complete
gradient of Hh activity, with anterior en expression, was restored
after 24 hr at the nonrestrictive temperature (data not shown).
These results provide in vivo evidence that Cos2 phosphoryla-
tion at residue 572 occurs before phosphorylation at residue
931. We propose that Ser572 phosphorylation requires low Hh
signaling, which is established in the first 30 min of Hh pro-
duction, whereas Ser931 phosphorylation requires high Hh sig-
naling, which is reached after 90 min of Hh production. To
complete this study, we analyzed the Hh-dependent kinetic of
Cos2 phosphorylation in vitro (Figure S4) and found that phos-
phorylation of Cos2 on Ser572 is detected within 15min of expo-
sure to Hh, whereas phosphorylation of Ser 931 appears later on.
To confirm that different levels of Hh are responsible for the
differential phosphorylation of Cos2, we analyzed the phospho-
Cos2 pattern in hh-ts wing discs from animals raised at constant
temperature (Figure S5). In the case of low Hh level (at 28C),
anterior cells receiving Hh were positive for phospho-Ser572
and negative for phospho-Ser931 (Figures S5E–S5E00). Alto-(H) Left panel shows nuclear and cytoplasmic fractionation of cl8 cells expressi
detected as cytoplasmic and nuclear markers, respectively. In right panel, cl8 H
Smo. After transfection, the level of Ci155-HA in nuclei was analyzed bywestern bl
of nuclear Ci155 normalized with respect to the amount of Fib.
Developmgether, our data show that the phosphorylation status of Cos2
is regulated by differential Hh signaling (see also below).
Phosphorylated Cos2 on Ser931 Is Present Mostly
at the Plasma Membrane
We investigated the consequence of the differential activation of
the two Cos2 residues by analyzing the subcellular distributions
of the two phosphorylation variants in Drosophila cultured cells,
embryos, and imaginal discs (Figures 5 and S6). We analyzed
various subcellular fractions (plasma membrane, V0, cyto-
plasmic vesicles, V1–2, and cytosol, S3) obtained by the differ-
ential centrifugation of protein lysates obtained from cl8 cells
treated with and without Hh. p-Ser572 was present in both the
cytoplasmic and vesicular (V0, V1, and V2) fractions of Hh-
treated cells (Figure 5A). Interestingly, p-Ser931 was detectable
principally in the plasmamembrane fraction (V0), and was barely
detectable in cytoplasmic vesicular fractions (Figure 5A). Smo
staining followed a similar pattern upon Hh treatment. Fu,
Ci155, and the bulk of the Cos2 proteins were distributed equally
between the plasma membrane and vesicular fractions.
For confirmation of this result, we analyzed the subcellular
distributions of the Cos2 isoforms by immunofluorescence (IF)
studies on wing imaginal discs. As previously reported in the
embryos (Ruel et al., 2007), p-Ser572 was found mostly in small
cytoplasmic dots in cells receiving low amounts of Hh (Figures
5C–5C00 00). At the A/P border, where the cells receive the highest
amount of Hh, p-Ser572 was enriched at the plasma membrane
(Figures 5C–5C00 0). The pattern obtained for p-Ser931 was similar
to that for Smo pattern in cells activated by Hh (Figures 5B–5B00 0).
The majority of the signal was observed at the plasma mem-
brane, showing colocalization with Smo (Figures 5B–5B00 0). This
pattern is different from that obtained with the antibody recog-
nizing the heptad repeats of Cos2 and that stain for the bulk of
Cos2 proteins (Figures 5D–5D00 0; Ruel et al., 2007). Indeed, the
bulk of Cos2 proteins was found essentially in the cytosol with
rare overlaps with Smo staining at the plasma membrane
(Figures 5D–5D00 0), suggesting that only a small fraction of Cos2
is phosphorylated on Ser931. A similar pattern was obtained in
embryos, with a more pronounced plasma membrane staining
for p-Ser931 (Figures S6A–S6F), which might reflect a higher
level of Hh signaling in embryos relative to the level of signaling
in the anterior cells of the wing disc.
Altogether, these data suggest that, under high Hh signaling,
Cos2 is translocated to the plasma membrane, where it
undergoes phosphorylation of its Ser931 residue. The plasma
membrane staining obtained with both phospho-antibodies
also suggests that a pool of Cos2 protein phosphorylated on
both Ser572 and Ser931 is present at the plasma membrane.
Phosphorylation of the Ser931 Residue of Cos2
Enhanced the Association of Cos2 with Smo
at the Plasma Membrane
The strong colocalization of p-Ser931 with Smo at the
plasma membrane suggested the formation of a stable complexng HA-Ci in the presence or not of Hh. Tubulin (Tub) and fibrillarin (Fib) were
h-expressing cells were transfected with Ci-HA and variants of Cos2, Fu, and
otting. Graph represents quantification of three independent experiments (±SD)
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Cos2 Phosphorylations Mediate Different Hh Levelsbetween Smo, phosphorylated Cos2 and Fu. We thus examined
these interactions by immunoprecipitating the endogenous
proteins in Hh-treated cl8 cells (Figures 6A and 6B). Both the
phosphorylated Cos2 isoforms associated with Smo (Figures
6A and 6B). Quantification of the coprecipitated Smo, normal-
ized with respect to the amount of Cos2 immunoprecipitated,
showed that Smo was more strongly associated with p-Ser931
than with the other isoform, p-Ser572 (Figure 6B).
Because both p-Ser572 and p-Ser931 were detected in the
Smo immunoprecipitate, it is possible that the Cos2 molecules
associating with Smo are phosphorylated at both serine resi-
dues. By analyzing the phosphorylation of the serine residues
of Cos2 variants, we found that p-Ser572 was present on the
Cos2 p-Ser931A variant and that p-Ser931 was present on the
Cos2 p-Ser572A variant (Figures 6C and 6D). The phosphoryla-
tion status of one of the two serine residues did not influence that
of the other serine residue. We therefore conclude that these two
serine residues are phosphorylated independently by the Fu
kinase.
Association of Two Cos2 Proteins Depends on the
Presence of Smo in the Complex
Because Cos2 has been shown to interact directly with Smo
(Ruel et al., 2003) and because differential configuration of Smo
is responsible for Hh activation (Zhao et al., 2007), we explored
the possibility that Smo regulates the association of two mole-
cules of Cos2.
We tested this hypothesis by immunoprecipitating two
different tagged forms of Cos2 from S2R+ cells in the presence
or absence of Smo and Fu (Figure S7A). Interaction between the
two tagged forms of Cos2was detectable only in the presence of
Smo (Figure S7A, last two lanes), suggesting that the two Cos2
proteins do not associate with each other on their own but are
both present in the same complex through binding to Smo.
This was confirmed by the finding that the two tagged forms of
Cos2 associated only when the C-terminal cargo domain of the
protein responsible for Smo interaction (Ruel et al., 2003) was
present (Figures S7B and S7C). Because Smo can form dimers
(Zhao et al., 2007), it is likely that these dimers interact with
two molecules of Cos2 to form an oligomeric complex. Alto-
gether, this suggests that, if Cos2 dimerizes, it cannot make it
on its own but only consequently to Smo dimerization.
Differential Magnitude of Smo Activation Induced
Differential Cos2 Phosphorylations
Hh-dependent conformational switch and dimerization of Smo
C-terminal cytoplasmic domain are essential for pathway
activation. Moreover, it has been shown that Smo N-terminal
dimerization is constitutive but necessary for this C-terminal
conformational switch (Zhao et al., 2007). It is therefore possible
that Fu/Cos2 activation depends on a change in Smo conforma-
tion. We tested this hypothesis with a mutant form of Smo that
cannot form N-terminal or C-terminal dimers: the Smo-F11
mutant containing a mutation (Cys155 to Tyr) in one of the extra-Figure 4. Staining of p-Ser572 in the A Compartment Precedes the De
hh-ts wing discs were stained for p-Ser931 (A–F), p-Ser572 (A0–F0), and Ptc (A00–F
18C until early L3 were incubated at a restrictive temperature for 24 hr. After 24
temperature for various periods of time (indicated on each figure and graph; A–F
Developmcellular loops (Zhao et al., 2007). This mutant displays partial
activation of Hh signal transduction, in both in vivo and in vitro
assays (Zhao et al., 2007). We investigated the effect of Smo
dimerization on Fu-dependent Cos2 phosphorylation by trans-
fecting S2R+ cells with Smo-WT or Smo-F11. Interestingly,
Cos2 was found to be phosphorylated at both serine residues
in the presence of Smo-WT (Figure 7A, second lane), whereas
p-Ser572 but almost no p-Ser931 was detected in the presence
of Smo-F11 (Figure 7A, fifth lane). This suggests that monomeric
Smo is able to induce phosphorylation of Ser572 and thus
partially activates Fu and that phosphorylation of the Ser931
residue of Cos2 depends on the dimeric activation of Smo.
We tested this hypothesis with an inducible dimerization
system developed by Zhao et al. (2007), based on the ability of
the EphB2 tyrosine kinase receptor to form dimers, via the EB2
domain, in the presence of ephrin ligands (EphB2-FC). We
used constructs in which the intracellular domain of EB2 was
replaced by the WT (EB2-Smo-CWT), phosphorylation-deficient
(EB2-Smo-CSA), or phosphorylation-mimetic (EB2-Smo-CSD)
Smo cytoplasmic tail sequence. The effect of EB2-Smo-C
dimerization on the phosphorylation state of Cos2 was investi-
gated both in vitro and in vivo. In the absence of ephrin ligand,
expression of the EB2-Smo-CWT form induced Ser572 phos-
phorylation, but levels of Ser931 phosphorylation remained low
(Figure 7B, lane 2). In the presence of the EphB2-FC ligand,
phosphorylation of the Ser931 residue of Cos2 was strongly
induced, reflecting an increase or a change in Fu activity (Fig-
ure 7B, lane 4). No significant difference in the phosphorylation
of Ser572 was observed. In this experiment, the presence or
absence of the ephrin ligand had no effect on the amount or
stability of EB2-Smo-C in cells (data not shown) but did affect
the conformation and dimerization of Smo (Zhao et al., 2007).
Smo dimerization is not sufficient for the activation of signaling,
for which the cytoplasmic tail must adopt an open conformation
through neutralization of an Arg cluster by multiple phosphoryla-
tions (Zhao et al., 2007). We also investigated the influence of
these phosphorylation sites on Fu activity. The production of
EB2-Smo-CSA did not trigger Cos2 phosphorylation, even after
EphB2 clustering, whereas EB2-Smo-CSD induced Cos2 phos-
phorylation at both sites (Figure 7B, lanes 5–12). The treatment of
EB2-Smo-CSD with EphB2 further increased Ser931 phosphor-
ylation, probably by increasing clustering.
For confirmation of these findings in vivo, we expressed the
EB2-Smo-CWT protein in the presence or absence of ephrin
ligand, in the dorsal compartment of the wing imaginal disc
(Figures 7C–7E). Like Smo-WT, EB2-Smo-CWT induced high
levels of Cos2 phosphorylation at Ser 572, but barely at
Ser931 (Figures 7C–7D00 0). The clustering of EB2-Smo-CWT by
the ephrin ligand induced the high level of phosphorylation of
Cos2 at both sites, as in our in vitro assay (Figures 7E–7E00 0).
We conclude from these data that different conformations of
Smo C-terminal domain result in different levels of Fu kinase
activation or in different accessibility of Fu to Cos2 domains,
as illustrated by the differential Cos2 phosphorylation observed.tection of p-Ser931
00). Quantification graphs are shown on the right (n = 5 discs). Larvae grown at
hr at the restrictive temperature, larvae were transferred to the nonrestrictive
).
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Figure 5. Cos2 Phosphorylated at Ser931 Is Present Mostly at the Plasma Membrane
(A) cl8 cells with and without Hh expression were lysed, and cell membrane (V0), vesicle (V1–2), and cytosolic (S3) fractions were obtained by differential
centrifugation (V0, 40,000 3 g maximum; V1, 120,000 3 g maximum; V2, 240,000 3 g maximum). Western blot analysis (performed in three independent
experiments) showed endogenous p-Ser572, p-Ser931, Smo, and the plasma membrane marker Armadillo (Arm) and the cytosolic marker tubulin (Tub).
(B–D) WT discs were immunostained for Smo (blue, B–D; gray, B0, C0, D0, B00 0, C00 0, and D00 0), p-Ser931 (green, B; gray, B00 and B00 0), p-Ser572 (green, C; gray, C00
and C00 0), and heptate domain of Cos2 (green, D; gray, D00 and D00 0). The images were taken with a 633 objective at zoom 4. (B00 0), (C00 0), and (D00 0) are magnifications
of red-squared fields present, respectively, in (B), (C), and (D). In cells that receive high amounts of Hh, p-Ser931 and p-Ser572 are enriched at the plasma
membrane with Smo (B, C, and C00 0). In cells that receive intermediate and low amounts of Hh, p-Ser572 is mainly located in the cytoplasm (C and C00 0). The bulk of
Cos2 is mainly detected in the cytoplasm (D and D00 0).
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Figure 6. Phosphorylation of Ser931 Increases Cos2/Smo Association
(A) Extracts fromHh-expressing cl8 cells were subjected to immunoprecipitation (IP) with various antibodies. Immunoprecipitates were analyzed for the presence
of Fu, Smo, and Cos2 isoforms.
(B) Quantification of the various immunoprecipitates. Smo association with Cos2 isoforms or Fu was normalized with respect to the total amount of Cos2. The
mean of three different experiments is shown (±SD).
(C and D) S2R+ cells were transfected with Cos2-WT-Myc (C and D) or Cos2-572A-Myc (C) or Cos2-931A-Myc (D) in the presence of Smo-WT and Fu-WT-HA or
Fu-KD-HA. Western blot analysis detected p-Ser931 in the Cos2-572A variant and p-Ser572 in the Cos2-931A variant.
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Modifying Cos2 Phosphorylation
Our data demonstrate that Smo conformation is crucial for Fu
kinase activity. The Gprk2 protein has recently been shown to
regulate Smo C-terminal dimerization. The binding of Gprk2 to
the Smo C-terminal tail facilitates the interaction of Smo
C-terminal tails, resulting in an active conformation (Chen
et al., 2010). In Gprk2 knockout (KO) flies, Smo was highly stabi-
lized in the A compartment (Figure 8A00). In these conditions, we
detected phospho-Ser572, but not phospho- Ser931 (Figures 8BDevelopmand 8B0). Similar differential Cos2 phosphorylation was ob-
served in animals expressing a dsRNA against Gprk2 (Figures
8C and 8C0). These results confirm the importance of Smo
C-terminal dimerization for Fu kinase activation and subsequent
Cos2 phosphorylation of Ser931.
DISCUSSION
We show here that Cos2 is differentially regulated by two Fu-
dependent modifications, the phosphorylation of Ser572 andental Cell 22, 279–294, February 14, 2012 ª2012 Elsevier Inc. 289
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Figure 7. Cos2 p-Ser931 Is Dependent on Smo C-Terminal Dimerization
(A) S2R+ cells were transfected with Cos2-WT-myc and Fu-HA in the presence of Smo-WT or the Smo-F11 mutant. Lysates were analyzed by western blotting
with the indicated antibodies.
(B) S2R+ cells transfected with Cos2-Myc and Fu in the presence of the EB2-Smo-C chimeric proteins, in which the intracellular domain of EB2 is replaced by the
WT (EB2-Smo-CWT), phosphorylation-deficient (EB2-Smo-CSA), or phosphorylation-mimetic (EB2-Smo-CSD) C-terminal tail of Smo. After transfection, cells
were treated with or without EphB2-Fc. Blots are representative of more than three independent experiments.
(C–E) Wing discs expressing UAS-Smo-WT (C), UAS-EB2-Smo-CWT (D), and UAS-EB2-Smo-CWT+Eph (E) in the dorsal compartment were immunostained for
Ci155 (red, C–E), Ptc (blue, C–E; gray, C0, D0, and E0), p-Ser931 (green, C–E, C00, D00, and E00), and p-Ser572 (green, C00 0, D00 0, and E00 0).
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Cos2 Phosphorylations Mediate Different Hh Levelsof Ser931. Differential phosphorylation of Cos2 is controlled by
different levels of Hh signaling. We found that low-magnitude
Smo activation induced phosphorylation at Ser572, whereas
high-magnitude Smo activation triggered phosphorylation at
both Ser572 and Ser931. Our data show that the conformational290 Developmental Cell 22, 279–294, February 14, 2012 ª2012 Elsevswitch to SmoC-terminal dimerization dictates Fu kinase activity
on Cos2, facilitating high-level Hh signaling by regulating Ci155
nuclear translocation and activity. Thus, we propose that the
two phosphorylation events of Cos2 are not equivalent and
participate in the transduction of differential levels of Hh activity.ier Inc.
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Figure 8. Gprk2 Is Required for Cos2 p-Ser931
(A and B) gprk2 KO wing discs were stained for Ci155 (red, A and A0), Smo (blue, A; gray, A00), En (blue, A00 0), p-Ser931 (green, B), and p-Ser572 (green, B0).
(C) A wing disc expressing UAS-Gprk2-dsRNA in the dorsal compartment was stained for p-Ser931 (green, C) and p-Ser572 (green, C0).
(D) Scheme representing the regulation of the Smo/Cos2/Fu/Ci complex within the Hh functional gradient. At low-magnitude Hh signaling, low Smo activity is
triggered, and Cos2 is phosphorylated at Ser572 in a Fu-dependent manner, leading to a partial activation of Ci155. The Smo/Cos2 Ser572/Fu complex is mainly
present at cytoplasmic vesicles and possibly shuttles to and from the plasma membrane. At higher levels of Hh signaling, Smo is stabilized at the plasma
membrane, allowing Fu-dependent Cos2 phosphorylation of both Ser572 and Ser931. This results in an increased activation of Ci155 (Ci-Act), leading to higher
transcriptional response.
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We found that a single Cos2 molecule could be phosphorylated
at both the Ser572 and Ser931 sites (Figures 6C and 6D). These
sites can be phosphorylated independently, but we believe that
there is a hierarchy in Cos2 phosphorylation during activation of
the pathway. Indeed, Ser572 appears to be phosphorylated in
the first step in the establishment of a Hh gradient, whereas
Ser931 is phosphorylated later (Figure 4). These results highlight
the existence of two different active Smo-Fu-Cos2-Ci com-
plexes depending on the level of Cos2 phosphorylation. We
suggest that, at low Hh levels, activated Smo interacts with Fu/
Cos2/Ci, leading to the formation of a Smo/Fu/Cos2/Ci155
complex. In this configuration, Fu kinase activation leads toDevelopmphosphorylation of the Ser572 residue of Cos2 (Figure 8D).
This complex can form at cytoplasmic vesicles, as demonstrated
by IF and fractionation (Figure 5). This Smo complex may shuttle
to and from the plasma membrane via intracellular vesicles and
is thus not ‘‘locked’’ at the plasma membrane (Figure 8D). At
higher concentrations of Hh, Smo is more strongly stabilized at
the plasma membrane (Jia et al., 2004) and undergoes a confor-
mational switch, leading to the dimerization of its C-terminal tail
(Zhao et al., 2007). Phospho-Ser931 was present mostly at the
plasma membrane, and phosphorylation of Ser931 increases
the association of Cos2 with Smo. We showed that the Smo-
associated pool of Cos2 at the plasma membrane is phosphor-
ylated on both Ser931 and Ser572. We do not believe thatental Cell 22, 279–294, February 14, 2012 ª2012 Elsevier Inc. 291
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Cos2 Phosphorylations Mediate Different Hh Levelsphosphorylation of the Ser931 residue of Cos2 triggers Smo
translocation because the expression of a Cos2 variant
mimicking constitutive phosphorylation did not trigger the local-
ization to the plasma membrane of Cos2 or Smo (data not
shown). This suggests that Cos2 p-Ser931 is a consequence
of Smo relocation and stabilization at the plasma membrane.
Altogether, high-magnitude activation of Smo leads to dimer-
ization of Smo C-terminal domain, which might trigger the asso-
ciation of two Fu/Cos2/Ci155 complexes and ‘‘lock’’ Smo at the
plasmamembrane (Figure 8D). We believe that the change in the
conformation of the C-terminal tail of Smo promoted by Gprk2
modifies Fu kinase activity (see below), allowing Cos2 phosphor-
ylation at multiple sites.
Although it has been proposed that both N-terminal dimeriza-
tion and C-terminal conformational changes in Smo were
required for activation, our data support an alternative model.
Indeed, a smo mutant (smoF11 with a point mutation in the
N-terminal extracellular domain) that is unable to form an
N-terminal dimer (Zhao et al., 2007) is able to induce Fu-depen-
dent Ser572 phosphorylation (Figure 7). This suggests that
monomeric Smo is able to transduce low-magnitude Hh
signaling and can activate Fu activity. How can we reconcile
these apparently conflicting results with previous publications?
The FRET analysis of Smo-WT was performed in a context of
overproduction. It is possible that this overproduction favored
the formation of the Smo-WT dimer, rather than mimicking phys-
iological Smo conditions (Zhao et al., 2007). Our SmoF11 data
were confirmed with an inducible system involving the EB2
dimerization domain. Monomeric EB2Smo-C induced the phos-
phorylation of Cos2 at the Ser572 residue, but not at Ser931,
whereas dimeric EB2Smo-C, the formation of which was
induced with the ephrin ligand, triggered the phosphorylation
of both Ser572 and Ser931 (Figure 7). It is, therefore, possible
that at low-magnitude Hh signaling, monomeric Smo transduces
low Hh signaling. The incrementation of Hh signaling might shift
Smo N-terminal monomeric to dimeric active form promoting
dimerization of the Smo C-terminal tail (Zhao et al., 2007). In
conclusion, it is possible that monomeric Smo transduces low
levels of Hh signaling and that both monomeric and dimeric
active forms of Smo are present in the Hh gradient. This implies
that Smo N-terminal dimerization (or oligomerization) is regu-
lated by Hh. Biochemical evidence is awaited to support
this view.
Differential Activation of Fu in the Hh Gradient
In vivo, Cos2 phosphorylation of Ser572 and Ser931 depends on
Fu activity (Raisin et al., 2010; this work). It has been shown that
Cos2 Ser572 is located within the minimal 12aa Fu-binding
domain (Formstecher et al., 2005), whereas Ser931 is located
in the domain interacting with Smo (Lum et al., 2003; Jia et al.,
2003; Ruel et al., 2003). Our study revealed the existence of
different Cos2 phosphorylations and, thus, of different Fu kinase
activity. How is Fu differentially activated by the Hh signal? It has
been shown that a chimeric Fu protein associated with the
plasma membrane induces high levels of Hh signaling (Claret
et al., 2007). It is thus possible that the transfer of Fu from vesic-
ular particles to the plasma membrane provides a different lipid
environment more suitable for higher levels of kinase activity.
Alternatively, the change in the conformation of the C-terminal292 Developmental Cell 22, 279–294, February 14, 2012 ª2012 Elsevtail of Smo, which has been shown to promote the dimerization
of this tail (Zhao et al., 2007), may also trigger the association
of two Cos2/Fu complexes. Indeed, our data suggest that
Cos2 might dimerize through binding to Smo, but not in the
absence of Smo (Figure S7). Thus, dimerization of the Cos2/Fu
complex may facilitate Fu kinase activation promoting Hh path-
way signaling. Interestingly, forced dimerization of Fu has been
recently shown to activate Fu activity (Zhang et al., 2011; Shi
et al., 2011). A third possibility is related to the change in confor-
mation of the Smo C-terminal domain. The location of Ser572 in
the domain interacting with Fu (Formstecher et al., 2005) sug-
gests that, upon weak-magnitude Hh signaling, Ser572 is phos-
phorylated due to the direct proximity of the catalytic domain of
Fu and the target substrate. Ser931, which is not located in
this domain, may require a change in Smo conformation for
phosphorylation. This phosphorylation site may be masked at
low levels of activation, becoming exposed when the Smo
C-terminal domain undergoes conformational change (Zhao
et al., 2007; Zhang et al., 2011; Shi et al., 2011). In that case,
the differential phosphorylation of Cos2 reflects a change in
the accessibility of Ser931 site for the Fu kinase and not
a change in the magnitude of Fu kinase activity. Because the
two serine residues are phosphorylated independently, it is likely
that accessibility of Ser931 does not depend on a Fu-dependent
prime phosphorylation of Cos2 but is consequent to a separable
event such as plasma membrane location or Smo conforma-
tional changes.
How does Cos2 phosphorylation affect Ci155 activation? For
a while it was believed that Su(fu) inhibition is the sole substrate
for activation of Ci155 by Fu kinase. We and others have identi-
fied Fu-dependent phosphorylation sites on Su(fu), but none of
these sites plays a visible role in the regulation of Ci155 activity
(data not shown; Zhou and Kalderon, 2011). Moreover, in the
absence of both Su(fu) and Fu, high magnitude of Hh signaling
is not reached, confirming that Su(fu) is not the sole target of
Fu (Zhou and Kalderon, 2011).
We show here that the Ser931 phosphomimetic variant of
Cos2 promoted dissociation of Ci155 from the protein com-
plex and increased Ci155 nuclear level and transcriptional
activity (Figures 3 and S3). Interestingly, regulation of Ci
activity and nuclear translocation by the phosphomimetic vari-
ants of Cos2 remained sensitive to the Fu-KD and SmoAAA
variants, suggesting that additional Fu-dependent phosphory-
lation of Cos2 or of other components of the pathway may
occur. We noticed that, in the absence of Hh, Cos2-DD variant
did not induce Hh signaling on its own (data not shown). It is
possible that each Fu-dependent phosphorylation of Cos2
induces a change in the conformation of Cos2, thereby
affecting the affinity of Ci155 for Cos2. This might be the first
step for unprocessed Ci155 to acquire activator activity (Fig-
ure 8D). The activation of Ci155 by the Fu/Cos2 complex
may expose the nuclear localization sequence of Ci155, trig-
gering its nuclear translocation, as previously suggested
(Wang and Jiang, 2004).
In conclusion, these data demonstrate that distinct phosphor-
ylation of Cos2 mediates different levels of Hh signaling. They
also reveal an unanticipated complexity in the regulation of
Cos2 and provide the evidence that Fu and Cos2 activities are
differentially regulated within the Hh gradient.ier Inc.
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Genetics
All alleles used were null: ptc16, cosW1, and fuZ4. Clones were generated as
previously described (Ruel et al., 2003). The transgenic lines used were as
follows: UAS-FuKD (characterized by a substitution of Gly13 by Val within
the catalytic domain, which results in an inactive kinase; gift from P. Ingham);
UAS- Fu dsRNA, UAS- Gprk2 dsRNA, and UAS- Smo dsRNA (Vienna Stock
Center); UAS-GAP-CFP-Fu (Claret et al., 2007); EB2Smo-CWT and UAS-
Eph-EB2 (Zhao et al., 2007); gprk2 KO (Cheng et al., 2010); UAS-SmoAAA
and UAS-SmoDDD (alanine or Asp substitutions that give rise to a nonphos-
phorylated or constitutive phosphorylated form of the protein; Zhang et al.,
2004); and UAS-Smo-WT (Hooper, 2003).
Immunostaining and Microscopy
Primary antibodies were used at the following dilutions: anti-p-Ser931 1:250
and anti-En 1:500 (Invitrogen); anti-Cos2 1:500 (Ruel et al., 2003); anti-Ci155
1:10 (2A1); anti-Ptc 1:200 (5E10, DSHB); anti-Smo 1:20 (20C6, DSHB); anti-
p-Ser572 1:400 in discs (Raisin et al., 2010) and 1:200 in embryos (Ruel
et al., 2007); anti-Myc 1:100 (Santa Cruz Biotechnology); chicken anti-b-gal
1:1,000 (Promega); and anti-Lamin 1:500 (from rabbit). Images were captured
with a Leica DMR TCS_NT confocal microscope and analyzed with ImageJ
software. Plots were analyzed as described by Eugster et al. (2007).
hhts Assay
hhts flies (w;hhts2,e/TM6B, gl, Tb) were left in bottles for 24 hr at 18C. The
parents were discarded, and the progeny was left to develop further, at
18C, for 5–6 days. The bottles were then shifted to 29C for 24 hr, to block
Hh production. They were then returned to 18C conditions, for the times indi-
cated, before larval dissection at L3 stage. For Figure S5, animals were grown
at indicated temperature for their entire development up to L3 stage.
Cell Culture, Transfection, and cDNA Constructs
Drosophila Schneider line-2 R+ cells (S2-R+), wing imaginal disc clone 8 cells
(cl-8) cells, and stably transformed cl-8 cell lines weremaintained as previously
described (Ruel et al., 2003). Expression in S2R+ and cl-8 cells was performed
with Smo, Fu, Cos2, and Ci cDNAs inserted into the pPAC-myc, pPAC-HA, or
pPAC-Flag Drosophila expression vectors for the production of protein under
the control of the constitutive actin promoter, in frame with the myc, HA, and
Flag epitopes, respectively. The resulting constructs were then used for trans-
fection, as previously described (Ruel et al., 2007).
LMB Assay
Drosophila S2R+ cells were transfected with pUAS-HA-Ci (250 ng) and
Act-Cos2-WT-myc or Act-Cos2-DD-myc or Act-Cos-AA-myc (25 ng). After
2 days, leptomycin B (LMB; Calbiochem) was used at the concentration of
20 nM for 2 hr. Cells were then fixed with 2% formaldehyde and permeabilized
with 0.1% Triton X-100.
Reporter Assays
For ptc reporter assays, stable cl8 cells expressing Hh were transfected
for 2 days with the following vectors: ptc-Firefly-luciferase (1 mg), pAct-Renilla-
luciferase (10 ng, for normalization purposes), pAct Ci, pAct Smo, pAct Cos2,
and pAct Fu. All experiments were performed in triplicate, and luciferase activ-
ities were normalized against Renilla luciferase activity.
RNA Interference in Cells
Double-stranded RNAs were produced in vitro from PCR products, with T7
polymerase; RNAi production and the methods used to transfect S2 cells
were as previously described (Ruel et al., 2007).
Anti-p-Ser931 Cos2 Antibody Production
A specific antibody directed against the phospho-Ser931 residue of Cos2 was
produced by immunizing rabbits with the following synthetic phosphopeptide
coupled to keyhole limpet hemocyanin 5 (Eurogentec). The sequence of the
p-Ser931 Cos2 peptide used was I T G H R S* I D T S D R. The reactive anti-
body was purified by adsorption on a phosphopeptide affinity column. It was
then purified further by subtraction on a column containing the nonphosphory-Developmlated peptide of Cos2. The resulting antibodies were characterized by western
blotting, to assess their phosphospecificity, with whole-cell extracts from cells
with and without Hh treatment.
Immunoprecipitation, Cell Fractionation, and Western Blotting
Transfected (or nontransfected) cells were lysed 2 days after transfection in
lysis buffer (20 mM Tris-HCl [pH 8], 150 mM NaCl, and 1% Triton X-100), in
the presence of phosphatase and protease inhibitors. p-Ser931 was immuno-
precipitated as described by Ruel et al. (2007), HA-Ci was precipitated mouse
anti-HA antibody (12CA5), and immunocomplexes were resolved by SDS-
PAGE. Western blots were performed with antibodies against Smo,
Fu, Cos2, Ci155, HA, Flag, and Myc, as described by Ruel et al. (2007).
p-Ser931, p-Ser572, and Cos2 were used at dilutions of 1:1,000, 1:500, and
1:500, respectively, for western blotting. Nuclear and vesicular fractionations
were performed as described by Chen et al. (1999) and Ruel et al. (2003),
respectively. Armadillo, tubulin (Sigma-Aldrich), and fibrillarin (38F3; Abcam)
were used as markers.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures and can be found with this
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